Thioesters, amides and esters are common chemical building blocks in a wide array of natural products. The formation of these bonds can be catalyzed in a variety of ways. For chemists, the use of an activating group is a common strategy and adenylate enzymes are exemplars of this approach. Adenylating enzymes activate the otherwise unreactive carboxylic acid by transforming the normal hydroxyl leaving group into adenosine monophosphate. Recently there have been a number of studies of such enzymes and in this review we suggest a new classification scheme. The review highlights the diversity in enzyme fold, active site architecture and metal coordination that has evolved to catalyze this particular reaction.
Introduction
Adenylation is an elegant biological process used to chemically activate carboxylate substrates by condensing them with ATP to liberate pyrophosphate (the driving force). The resulting carboxylate adenylate is very reactive and would be expected to decompose in water. Necessarily it seems that the enzymes that make the intermediate also catalyze a second step, in which a nucleophile (either amine, alcohol or thiol) reacts with the intermediate to generate the desired product, liberating AMP ( Figure 1a ). This strategy has a clear conceptual link to the function of common reagents such as acid chlorides or triflates in organic chemistry that are used to create good leaving groups for nucleophilic attack. Adenylate forming enzymes are involved in a variety of metabolic pathways such as ribosomal and non-ribosomal peptide synthesis, fatty acid oxidation or enzyme regulation. Some, as the D-alanyl carrier protein Ligase DltA, are important and potential drug targets [1] . Based on sequence analysis a superfamily of adenylate-forming enzymes was identified and subdivided into three closely related sub-families [2] . The sub families comprise the adenylation domains of non-ribosomal peptide synthetases (NRPS), acyl-or aryl CoA synthetases [3] and luciferase oxidoreductases [4] . Structurally distinct aminoacyl-tRNA synthetases and enzymes involved in NRPS-independent siderophores (NIS) synthesis also catalyze an adenylation reaction [5,6], but have not been integrated into the scheme.
Same reaction but very different domain architectures
All adenylate-forming enzymes catalyze the difficult condensation between the weakly nucleophilic carboxylic acid and weakly electrophilic phosphate. The mechanism proceeds through a negatively pentavalent phosphorus atom which must be stabilized (Figure 1c) . Class I adenylate-forming enzymes all have a large N-terminal domain with a small Cterminal domain connected via a flexible hinge (Figure 2a) . The relative orientation of the two domains varies presumably as a consequence of the hinge. The N-terminal domain was described as "hammer-and-anvil", subdivided into three subdomains with an α/β topology, topped by a αβαβα sandwich and a β-barrel [7] . The C-terminal domain sits on top like a "lid", is made up of five β-strands and three α-helices. The two domain architecture is consistent for all class I enzymes. The recently deposited structure of the predicted AcylCoA synthetase FdrA from E. coli (3dmy) shows a very different three domain architecture 
ATP binding
In class I enzymes the active site is formed by the interface between the domains, which are connected by a flexible hinge [11] . The domains significantly alter their relative orientations to adjust the catalytic site depending whether the protein is catalyzing adenylate formation or the second reaction. For example in human acyl-CoA synthetase [12] a conserved catalytic lysine important for adenylation is moved out after adenylate formation to facilitate thioester formation [12, 13] . Class II enzymes locate the active site with the central catalytic domain which undergoes conformational changes upon substrate binding. Recently Weimer, Shane et al. identified a series of conserved motions in class IIa enzymes [14] . Class III enzymes employ all three domains to make a deep cavity in the middle of the protein [5], which, apart from limited ordering of surrounding loops upon substrate binding, do not alter their structure upon substrate binding. Class I and IIa enzymes bind ATP in a Rossmannfold, but class IIb and class III do not. Rather, in subclass IIb aaRSs ATP is bound by three conserved motifs within a seven folded anti-parallel β-sheet [15, 16] , while in class III enzymes it is bound by a novel fold, which shares parts of the cAPK nucleotide triphosphates binding fold [5] .
Role of metals
All adenylate-forming enzymes are reported to be Mg 2+ dependent [17] , but in at least one case Mn 2+ can substitute for Mg 2+ [18] . In each structure with ATP bound, a Mg 2+ is reported to coordinate the phosphate. The divalent metal ion will neutralize the charge of ATP, stabilize the transition state and neutralize the leaving pyrophosphate. With such an acknowledged central role, it is surprising that the coordination geometry and even more so the number of Mg 2+ ions varies across the superfamily and even within classes. The NRPS synthetase DltA (class Ia) (3fcc) shows a β -γ coordination [19] . Whilst Mg 2+ in tryptophanyl-tRNA synthetase from G. stearothermophilus (1m83) (class IIa) is coordinated by α-β-γ phosphates unlike the human homologue (2qui) [20] , where an α-β coordination is found. In AcsD (2w02), a class IIIa enzyme, a single Mg 2+ coordinates the α -γ phosphate, a geometry found only in seven other structures consisting of kinases and the ribonucleotide transformylase PurT (1kj9). In contrast lysyl-tRNA synthetase, a subclass IIb enzyme, binds 3 metal ions, coordinating the α and β phosphate and the β and γ phosphates [21] .
Catalytic residues
At the reaction "schwerpunkt" (α phosphate of ATP) it is possible to identify chemical similarities of surrounding amino acids. In every structure an Arg, Lys or His (Figure 4 ) residue contacts the α phosphate but not always in a conserved position. In many but not all enzymes an additional positively charged residue surrounds the phosphate. Class I enzymes use either Arg (Acetyl-CoA synthetase [22] ), Lys (GrsA and firefly luciferases) or His (firefly luciferase) near the α phosphate, a highly conserved threonine is also found here in all these enzymes. In class III two conserved residues, His and Arg, are close to the α phosphate but neither of these residues do superpose with those in class I. A strictly conserved arginine found in all class IIa or IIb type tRNA synthetases (R262 in LysU) does superimpose with R305 in AcsD. These residues (along with metal ion(s)) polarize the α phosphate of ATP enhancing the electrophilicity of the phosphorus. The positive charge will also polarize the negative charge of the incoming carboxylate increasing its nucleophilicity. The surrounding positive charges crucially will stabilize the negatively pentavalent transition state.
In all three classes point mutations of these positively charged residues show decreased enzyme activity. In class I enzymes mutations of the conserved lysine (K529R in firefly luciferase) facing the α phosphate of ATP caused ~625 fold reduction of activity. Beside lowered activity, mutants of H245 in firefly luciferase showed shifts in light emission spectra [23] . In class II aaRSs K233 mutants (second lysine in the conserved ATP binding KMSKS motif) of tyrosyl-tRNA synthetase, have been reported to deteriorate the ability to form tyrosine-adenylate [24, 25] . Similar results were reported for AcsD, a class IIIa enzyme, loosing activity after mutation of positively charged R305 and H444 [5] .
The pyrophosphate leaving group in class III appears to be retained after adenylate formation in a pocket which extends beyond the γ phosphate. In class I enzymes pyrophosphate is released after forming the intermediate reported for the adenylation domain of gramicidin S synthetase a class I enzyme [7] . In class II leucyl-or tyrosyl-tRNA synthetase pyrophosphate is reported to be released after amino acid adenylate is formed to mediate binding of tRNA for the second step of reaction [26, 27] .
Adenylation enzymes have important and diverse roles in metabolic pathways of prokaryotes and eukaryotes. We suggest that an inclusive definition of the superfamily based on the commonality of the adenylation chemistry may be more useful than one limited to three dimensional structure. Recent reports of adenylate-forming enzymes show that the same chemistry can be catalyzed by very different structures. Despite the profound differences in structure and active site architecture, there are clear chemical similarities in the environment that surrounds the α phosphate. This chemical conservation is of course driven by the requirement to stabilize the pentavalent negatively charged transition state. From a chemical standpoint, the nucleophilic attack of the α or γ phosphate by a hydroxyl are closely related. To this point, it was noted that the class III adenylating enzymes are related to kinases. Chemical conservation has been observed in other enzyme families, proteases being perhaps the best known example. Akin to the proteases, the adenylating enzymes have utilized different spatial arrangements of residues to stabilize the transition state. It is likely that the requirement to activate carboxylic acids for condensation is particularly ancient (thioester, amide and ester bonds are extremely common chemical building blocks) and this may have driven the convergent evolution seen in the structures of the adenylate forming enzymes. Furthermore they are not only interesting enzymes, but have utilities in commercial significant biotransformation or biosynthetic chemistry [28] [29] [30] [31] Coordination of α-phosphate by positively charged residues in different classes of adenylate-forming enzymes. In each member at least one positively charged residue, as lysine, argentine or histidine is present. Acetyl-CoA synthetase (2p2f) and Japanese firefly luciferase (2d1q) are class I, human tryptophanyl-tRNA synthetase (2qui) and lysyl-tRNA synthetase (1e24) are class II, AcsD (2wo2) and AlcC (alcc) are class III adenylate-forming enzymes. ATP colored in grey and shown in line representation is ATP of AcsD.
